2, A and B). On the basis of a Kd for nonspecific DNA binding in the 10-4 to 10-6 M range (24), the protein occupancy was estimated to be 36% for AN331 and 27% for AN280 (Fig. 2, C and D).
C and D) (J. M. Petersen and B. J. Graves, unpublished results). 19 . Specific DNA-only spectra in the presence of AN331 and AN280 were compared between 250 and 295 nm because AN331 and AN280 make no important contributions to their CD spectra in this region (Fig. 2, A through D). In contrast, specific DNA shows a strong CD signal in this region (Fig. 2E) . 20 . The NH2-terminal deletion mutant AN336 and fulllength Ets-1 show identical DNA contacts in protection and interference assays (8 (9, 10) . LPG1 thus represents a class of genes (class I) encoding LPG biosynthetic enzymes. Here, we report a second class of LPG mutants that affect compartmentalization and LPG assembly. These genes are functionally distinct from those affecting protein secretion and glycosylation.
The mutant C3PO synthesizes a truncated LPG containing only the glycan core and lipid anchor and lacking repeating units (8, 11) . A wild-type L. donovani cosmid library in the shuttle vector cLHYG was introduced into C3PO, and LPG' transfectants were recovered by antibody panning (9, 10, 12) . From (35) . (C) Immunofluorescence microscopy of C3P0 expressing an LPG2-HA fusion protein (16) . The small intense blue spot to the anterior is the kinetoplast DNA, the central fainter blue circle is the nucleus, and the red spot between them marks the LPG2-HA fusion protein within the Leishmania Golgi apparatus.
with overlapping inserts were recovered, and the functionally active gene was mapped to a single 3-kb Not I-Eco RV fragment ( Fig. 1) (14) . Of these, Vrg4/Van2 showed 28% identity (55% similarity) (Fig. 2) and has recently been found to be essential and required for correct protein Nglycosylation and maintenance of Golgi function and structure (15) . Consistent with this, an active LPG2 protein tagged with an influenza hemagglutinin epitope at its COOH-terminus was localized to the Leishmania Golgi apparatus (Fig. 2C) (16 (Fig. 3B) . This mRNA was abundant in log phase promastigotes and down-regulated in stationary phase promastigotes and lesion amastigotes. Amastigotes exhibited reduced amounts of the 2.8-kb mRNA, as well as larger forms ranging up to 9 kb, which probably represent unprocessed precursors. LPG2 mRNA amounts were correlated with the developmental expression of molecules such as LPG and the secretory acid phosphatase (sAP), which bear the repeating units (2) (3) (4) (5) .
The accumulation of a truncated LPG in C3P0 suggested a defect in the addition of the first mannose-phosphate residue (1 1). However, C3P0 microsomal membranes catalyzed the addition of repeating units onto endogenous LPG glycan core acceptors. C3P0 LPG synthesis was 65% of that in the wild type in the presence of detergent and was 11% that of the wild type in its absence (20) . In contrast, microsomes from the R2D2 mutant, which is defective in the synthesis of the LPG core, synthesized only background levels of LPG (6, 9, 21 (8) . For sAP, this is shown by altered electrophoretic mobility in nondenaturing gels (Fig. 4A) and its failure to react with an antibody to the repeating unit, CA7AE (Fig. 4B) . Both electrophoretic mobility and repeating unit modification returned to levels found in the wild type when LPG2 expression was restored in C3P0 (Fig. 4) . Addition of repeating units to sAP is thought to occur in the Golgi apparatus, which is consistent with the localization of LPG2 (Fig. 2C) (3) . The normal activity of the C3P0 sAP implies that it does not require repeating unit modifications for either secretion or catalysis (3, 8, 22) .
Otherwise, the rate of growth, and the 2), and C3P0 transfected with pX63HYG-LPG2 (lane 3) was performed in 7% acrylamide gels in the absence of SDS. The gel was stained for acid phosphatase activity (37) . (B) Repeating unit modification of sAP. An antigen capture assay was performed with the CA7AE monoclonal antibody to repeating units (38) . Culture supernatants (100 ,i) from the wild type, C3P0, and C3P0 transfected with pX63HYG-LPG2 were tested. expression or modifications of other membrane proteins and glycolipids, were unaffected in the lpg2-mutants. The levels and pattern of total membrane proteins labeled with 'H-Man were similar in C3P0 and wild-type cells (8) . Protein immunoblot analysis of the glycosylated abundant protease gp63 from the surface membrane revealed only fully modified gp63 in both C3P0 and lpg2-knockout mutants (23) . Similarly, sAP activity in the lpg2-mutants implied that sAP N-glycosylation was unaffected, as this is known to be required for activity (23) . C3P0 contained normal amounts of a heterogeneous group of smaller glycoinositolphospholipids (GIPLs), which include the biosynthetic precursors of the GPI (glycosylphosphatidylinositol) lipid anchors of LPG and proteins (2, 11 (27) . Because genes such as LPG2 affect multiple cellular components simultaneously, some caution must be exercised when attributing the phenotype of LPG mutants to specific molecules.
The properties of LPG2 point to the existence of a previously unknown class (II) of Leishmania biosynthetic genes, a class that is specifically devoted to the correct targeting and assembly of LPG and related molecules implicated in parasite virulence. At least some portion of this pathway is distinct from that mediating the assembly, modification, and targeting of secreted proteins and smaller glycolipids. Preliminary studies of other L. donovani mutants suggest the existence of other class II genes that primarily affect LPG assembly and targeting (28) . Leishmania thus resembles prokaryotes in possessing pathways focused on the targeting of complex surface polysaccharides involved in virulence (29) , whose dissection promises to provide a rich ground for basic cellular research. As in other pathogens, this Leishmania-specific pathway may well offer an attractive target for chemotherapeutic intervention. Lowercase letters mark bases not coded by Leishmania, and parentheses in SMB-97 mark the HA epitope. The expected 1 074-base pair product was digested with Bam HI, inserted into the Bgl II site of pX63HYG (31) , and transfected into C3PO. LPG synthesis was shown by agglutination with CA7AE (10). Transfected cells were air-dried on a glass slide and fixed in 4% paraformaldehyde for 30 min at 4°C. After permeabilization with acetone (-20°C), the HA epitope was immunolocalized with the mouse monoclonal antibody 1 2CA5 (Boehringer Mannheim) and Texas red-conjugated antibody to mouse immunglobulin. The slide was also stained with DAPI to visualize the kinetoplast and nuclear DNA. Golgi localization of LPG2 is consistent with the report that monensin perturbs both Golgi function and the addition of the disaccharide phosphate repeating units to sAP (3). 17. The LPG2 ORF was amplified by PCR with the oligonucleotides SMB-25 (16) and SMB-26 (5'-gcgggatcc-CTACTCAGATTTGGAAGTG-3'), digested with Bam HI, and inserted into the Bgl II site of the Leishmania expression vector pX63HYG. C3P0 transfectants were assayed for LPG expression as described (10) . Surface localization was determined by immunofluorescence with the CA7AE monoclonal antibody (32).
18. Repeating elements (Fig. 1 A) were mapped by Southern blot analysis of wild-type and C3P0 genomic DNAs with probes surrounding LPG2 (not shown in the figure) . The gap indicated for C3P0 marks only the absence of LPG2 sequences; the rearrangement is more complex than a simple deletion and possibly involves duplication of adjacent sequences or insertion of non-adjacent DNA. 19. The 5.9-kb Eco RI-Xba fragment containing the LPG2 ORF was cloned into a pUC vector. The 0. of a mouse spleen complementary DNA (cDNA) library (-2.5 X 106 clones) resulted in the isolation of two clones that interacted specifically with the (SDYQRL)3 bait sequence (8) . The two clones (termed 3M2 and 3M9) corresponded to the medium chain (R2) of the plasma membrane, clathrin-associated protein complex AP-2 (9). In addition to 112, the AP-2 complex contains two large chains (ox-and P-adaptin) and one small chain (u2) (10) .
Using growth on histidine-deficient (-His) plates as an assay (1 1), we found that proteins encoded by both 3M2 and 3M9
interacted not only with the (SDYQRL)3
repeat but also with a single SDYQRL sequence and with the full-length TGN38 cytoplasmic tail (Fig. 1A) . Mutation of the tyrosine (Y) residues in all three contexts abolished interaction with the [2 clones (Fig. lA) . The binding specificity of p, was further characterized by mutation of each residue of the SDYQRL sequence individually to alanine. Only the Y and L residues were absolutely required for interaction with 3M9, whereas mutation of the S, D, and Q residues had no detectable effect, and mutation of the R residue decreased but did not completely abolish the ability to grow on -His plates (Fig. 1 B) . Thus, 112 was capable of interacting with the sequence SDYQRL in various contexts and under sequence requirements that were consistent with those defined in studies in vivo (7) . To corroborate the results obtained with the two-hybrid system, we tested whether in vitr(-translated, 35S-methionine-labeled R2 was capable of interacting with various sequences appended to glutathione-S-transferase (GST) (Fig. 2) . We observed that both the 3M2 and 3M9 forms of R2 bound to GST-(SDYQRL)3 but not to GST-(SDGQRL) or to GST (Fig. 2A) . In vitrotranslated luciferase, used as a negative control, did not interact with any of the GST fusion proteins tested (Fig. 2A) . Binding of
